Chitosan (CS) has been widely used in a variety of biomedical applications, including peripheral nerve repair, due to its excellent biocompatibility, biodegradability, readily availability and antibacterial activity. In this study, CS flat membranes, crosslinked with dibasic sodium phosphate (DSP) alone (CS/DSP) or in association with the γ-glycidoxypropyltrimethoxysilane (CS/GPTMS_DSP), were fabricated with a solvent casting technique. The constituent ratio of crosslinking agents and CS were previously selected to obtain a composite material having both adequate mechanical properties and high biocompatibility.
Introduction
Peripheral nerve traumas due to car crashes, sport and military injuries [1] are reported to affect, annually, more than one million people worldwide.
The possibility to regain nerve function is dependent on the severity of the damage suffered.
Spontaneous recovery is possible only if the continuity of the nerve is maintained. In case of complete nerve transection, a surgery is required for re-establishing a continuity between the proximal and the distal stump. Autologous nerve grafts (autograft) is the "gold standard" technique for repairing peripheral nerve defects and it consists in the use of healthy nerve fragment of sensory origin (usually the sural nerve) for bridging the gap [2] .
However, this practice presents some disadvantages: it requires an additional incision for removing the healthy sensory nerve, leading to a residue sensory deficit; yet, graft material is limited especially in case of an extended nerve lesion. As an alternative, a variety of biomaterials for nerve reconstruction has been developed [3, 4] . In particular, chitosan (CS), as a natural polysaccharide, has recently attracted more and more attention due to its good biocompatibility, biodegradability, non-toxicity, readily availability and unique physicochemical properties [5, 6] .
Recent in vitro studies revealed the suitability of CS membranes as substrate for survival and oriented Schwann cell (SC) growth [7] as well as survival and differentiation of neuronal cells [8, 9] .
CS-based bioengineering scaffolds have been widely used for neural repair in different animal models [10] . CS-based nerve conduits, alone or in combination with other biomaterials, have been found to bridge efficiently peripheral nerve defects [11, 12] . Yet, CS nerve guides supplied with the introduction of a longitudinal CS membranes were used to reconstruct 10-mm sciatic nerve defects in adult healthy and diabetic rats, demonstrating an enhancement in functional and morphological nerve regeneration [13] .
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Successful nerve regeneration of long gap has also been reported when CS surface was enriched with polylysine and gelatin to increase cell adhesion [14, 15] or functionalized with polyglycolic acid [16] .
Because pure CS is brittle and degrades rapidly [17, 18] , improved technologies and different crosslinking methods have been developed to overcome the poor mechanical strength of CS nerve guide channel under physiological conditions, which is one of the main factors limiting the CS use in clinical applications for neural repair until now [19] .
In the present work, dibasic sodium phosphate (DSP) and γ-glycidoxypropyltrimethoxysilane -DSP (GPTMS _DSP) crosslinked CS flat membranes, previously characterized in terms of physicochemical, thermal, morphological, mechanical properties [20] , were evaluated in terms of biological properties using in vitro and in vivo tests.
In vitro studies on RT4-D6P2T cells were performed on degradable CS based flat membranes to evaluate biocompatibility and to ensure their potential applicability as nerve repair conduits. In addition, CS flat membranes and conduits were tested in an in vivo model of rat median nerve repair.
The outcome of nerve reconstruction was assessed at 12 weeks post-implantation through a combination of functional assessment, histological and morphometrical investigations. 
Methods

Membranes preparation
CS (medium molecular weight, 75%-85% deacetylation degree, Sigma Aldrich) was dissolved in acetic acid solution 0.5M at room temperature by continuous stirring to obtain a 2.5 % (w/v) solution.
Crosslinked membranes were prepared according to the method previously described by Ruini and colleagues [20] . In brief:
I. DSP-crosslinked samples (CS/DSP) were obtained by adding DSP 1M (one drop per second) to the CS solution with a concentration of 7.5 % v/v with respect to the natural polymer solution volume.
The mixed solution was kept under stirring at room temperature for about 10 minutes.
II. GPTMS_DSP crosslinked samples (CS/GPTMS_DSP) were obtained adding GPTMS (50% w/w) to the CS solution. The resulting CS/GPTMS solution was kept under stirring for 1 hour, followed by the dropwise addition (one drop per second) of DSP 1M (concentration 7.5 % v/v) and maintained under moderate stirring for 10 minutes.
Finally, 10 ml of each solution (CS/DSP and CS/GPTMS_DSP) was poured into 6 cm Petri d ishes and air-dried for 48 h to obtain flat membranes. All crosslinked dried samples were dipped into demineralised water for 10 minutes and then the water pH values were measured to evaluate the presence of acidic residues.
Tensile test were performed by the authors, on CS/DSP and CS/GPTMS_DSP membranes, both in dry and in wet conditions [20] .
In vitro cell tests on CS based membranes
In vitro cell tests were performed using RT4-D6P2T, a schwannoma cell line (ATCC-catalog number CRL-2768). Cytotoxicity test was carried out on both CS/DSP and CS/GPTMS_DSP while, RT4-D6P2T adhesion, proliferation and gene expression were evaluated on CS/GPTMS_DSP due to the higher mechanical stability of the biomaterial under physiological condition and because they were considered as "the worst case" (biomaterials employed for CS/GPTMS_DSP fabrication were the same of CS/DSP supplemented with GPTMS). Neurite outgrowth of dorsal root ganglia (DRG) cultured on CS/GPTMS_DSP was then examined by confocal laser microscopy.
-Cytotoxicity study on CS/GPTMS_DSP and CS/DSP
The effect of the CS based material extracts was studied on RT4-D6P2T. CS/DSP and CS/GPTMS_DSP samples were sterilized with a 20 minutes exposure to ultraviolet (UV) irradiation (UV lamp, wavelength 254 nm; Technoscientific Co., El-Haram Giza -Egypt). Material extracts were prepared by incubating both crosslinked CS based membranes in Dulbecco's Modified Eagle Medium (DMEM, Sigma Aldrich) supplemented with 100 U/ml penicillin (Sigma), 0.1 mg/ml streptomycin (Sigma), 1 mM sodiumpyruvate (Sigma), 4 mM L-glutamine (Sigma) and 10% heatinactivated fetal bovine serum (FBS; all from Invitrogen) and stored at 37 °C in a humidified atmosphere of 5% CO 2 for 13 days. As control media, samples of culture medium were maintained in the same conditions of CS/DSP and CS/GPTMS_DSP samples and then collected after 13 days.
Then, proliferation assay on the cell line was carried out using collected media. In details, RT4-D6P2T cells were seeded and cultivated in the previous prepared extract media, at a density of 2x103 cells/cm2 on Petri dishes. After 2, 3, 5 and 7 days in vitro (DIV), cells were trypsinized and counted in a Burker's hemocytometer chamber. Experiments were performed as technical triplicates. The counts obtained from assays were analyzed, averaged and expressed as logarithmic scale of viable cells/mm 2± SD.
-Cell adhesion on CS/GPTMS_DSP membranes
Immunocytochemistry analysis was performed to qualitatively evaluate cell adhesion and morphology. RT4-D6P2T were seeded at a density of 1.05x104/cm2 on membranes and control glass slides. After 24 hours of culture, culture medium was removed, substrates with attached cells were rinsed with PBS and fixed by the addition of 4% paraformaldehyde solution (PAF; Sigma-Aldrich).
After 20 min the PAF was removed and each plate was washed with PBS. Fixed cells were permeabilized with 0.1% Triton X-100 and blocked with 1% Normal goat serum in 0.01M PBS (pH 7.4) for 1 h at room temperature. F-actin was detected using TRITC-conjugated phalloidin diluted 1:1000 in blocking solution (Chemicon-Millipore) by 1 h incubation at room temperature following three wash steps of 5 min each. Vinculin was detected by overnight incubation with vinculin monoclonal antibody (Millipore) diluted 1:200 in PBS followed by 1-h incubation with goat-antimouse Alexa 488 secondary antibody (Invitrogen) diluted 1:200 in PBS.
A quantitative evaluation of the morphology of the cells plated on different substrates was conducted, taking into account the flattened or elongated cell shape. The value of flattened or elongated cells was expressed as a percentage of total evaluated cells in each experimental group. All the fluorescentlylabeled cells were examined under a LSM 510 confocal laser microscopy system (Zeiss, Jena), which incorporates two lasers (argon and HeNe) and is equipped with an inverted Axiovert 100 M microscope.
-Proliferation assay on CS/GPTMS_DSP membranes
RT4-D6P2T cells were seeded in DMEM containing 10% FBS, at a density of 2.5x103cells/cm2 on both CS/GPTMS_DSP and glass control plates (control). After 1, 3 and 4 DIV, culture medium was removed, substrates with attached cells were rinsed with PBS and fixed by the addition of 4% PAF.
After 20 min, PAF was removed and each plate was washed with PBS. RT4-D6P2T cells were stained with 1% crystal violet (a deep purple nucleic acid stain) solution in 200 mM boric solution (pH 9) for 9 10 min at room temperature. Cells were photographed at DFC 320 Leica microscope and 30 images were taken at a low magnification (10X) for each sample. The images were then acquired through the program Image Manager IM50 (Leica). The counts obtained from proliferation assay were analyzed, averaged and expressed as logarithmic scale of viable cells/mm2 ± SD. RT4-D6P2T cells were cultured in DMEM containing 10% FBS on glass control plates and CS/GPTMS_DSP flat membranes and were allowed to reach confluence. The total RNA was isolated from the confluent culture by extraction with TRIzol (Invitrogen). The RNA concentration was quantified by measuring the absorbance at 260/280 nm. The total RNA (1 µg per sample) was reverse-transcribed in a reaction volume of 25 µl with 7.5 mM of random hexamers (Thermo Scientific Reverse Sequence-CCCATCACACCCAAGAACAAG. TBP: Forward Sequence-GATCAAACCCAGAATTGTTCTCC; Reverse Sequence-GGGGTAGATGTTTTCAAATGCTTC For normalisation to multiple housekeeping genes, ubiquitin gene C (UBC) and TATA-binding protein (TBP) were used. The reaction mixture of PCR included 7.5μg forward and reverse primers, 12.5 μl SYBR Green (Life Technologies) and 5 μl cDNA. The PCR conditions were as following: initial step at 95°C for 25 s, then 40 cycles at 60 °C for 15 s. and 60 °C for 1 min. The results were obtained from three independent experiments.
-Real
). Each reaction consisted of cDNA synthesis buffer (50x10-3 M Tris-HCl, pH 8.3,
2.2.5-Total protein extraction, and western blot
Total proteins were extracted by solubilizing cells in boiling Laemmli buffer (2.5% SDS and 0.125 M Tris-HCl pH 6.8), followed by 3 min at 100°C. Protein concentration was determined by the BCA method, and equal amounts of proteins (denaturated at 100°C in 240 mM 2-mercapto ethanol and 18% glycerol) were loaded onto each lane, separated by SDS-PAGE, transferred to a HybondTM C Extra membrane and blocked for 1 h at 37 °C in 1× TBST (150 mM NaCl, 10 mM Tris-HCl (pH 7.4), and 0.1% Tween) plus 5% non-fat milk. Membranes were incubated overnight at 4 °C in primary antibodies diluted in TBST plus 1% non-fat milk. The day after, they were rinsed four times with TBST for 5 min each at room temperature and incubated for 1 h at room temperature with peroxidase-linked secondary antibody (diluted in TBST plus 1% non-fat milk). Membranes were washed 4 times, 5 min each, with TBST at room temperature, and specific binding was detected by the enhanced chemiluminescence ECL system (Amersham Biosciences) using Hyperfilm™ (Amersham Biosciences).
Primary and secondary antibodies used are: rabbit polyclonal anti-Bcl2 (1:500, sc-492, Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse monoclonal anti-actin (1:4000, #A5316, Sigma); horseradish peroxidase-linked donkey anti-rabbit secondary antibody (1:10.000, Amersham Biosciences), sheep anti-mouse secondary antibody (1:100.000, Amersham Biosciences).
2.2.6-Neurite outgrowth assay on CS/GPTMS_DSP
DRGs explants were harvested from adult female Wistar rats, weighting approximately 250 g, reduced and maintained in Ham's nutrient mixture F12 (Gibco) for 1 hour under sterile conditions. Rats were sacrificed by a lethal i.p. injection of tiletamine + zoletil, according with the local Ethics Committee and the European Communities Council Directive 2010/63/EU. Adequate measures were taken to minimize pain and discomfort taking into account human endpoints for animal suffering and distress. DRG explants were cultured onto matrigel-coated coverslips (BD Biosciences) and CS/GPTMS_DSP flat membranes and incubated at 37 °C for 1 hour. The matrigel was diluted 1:1 in the culture medium.
Explants were maintained for 4 days in defined serum-free medium (SFM) at 37 °C with 5% CO 2 supplemented with 50 ng/ml of NGF. After 4 days, explants were fixed with 4% PAF for 15 minutes at room temperature. For immunohistochemistry, briefly, the specimens were incubated overnight in a solution containing both anti-neurofilament-200kDa (monoclonal mouse, 1:200, Sigma), and antiperipherin (polyclonal rabbit, 1:1000, Chemicon International) primary antibodies. After washing in PBS, double immunolabeling was carried out by incubating sections for 1 h in a solution containing two secondary antibodies: anti-rabbit IgG Cy3 (Jackson Immunoresearch Laboratory) and anti-mouse IgG Alexa-Fluor-488-conjugated (Molecular Probes). All samples were observed with a LSM 510 confocal laser microscopy system (Zeiss, Jena), which incorporates two lasers (argon and HeNe) and is equipped with an inverted Axiovert 100 M microscope.
In vivo tests on CS/GPTMS_DSP and CS/DSP
All procedures were approved by the Bioethics Committee of the University of Torino, by the Institutional Animal Care and Use Committee of the University of Torino, and by the Italian Ministry of Health, in accordance with the European Communities Council (Directive 2010/63/EU).
-Animals and surgery
In vivo preliminary analysis were performed under general anesthesia on 2 adults female Wistar rats, weighing approximately 250 g, in order to evaluate handiness, suturability and the possibility of their use for peripheral nerve surgery. Before using CS membranes were immersed in PBS solution for 5 minutes and showed a uniform thickness in the range of 90-130 μm. In the first rat, the CS membrane was used to wrap crushed median nerve and was closed with a suture point ( Figure.1 A,B) . In the second rat, the CS membranes were rolled up and glued with biomedical cyanoacrylate glue to obtain 1 cm long conduit ( Figure.1 C-F) . Median nerves were transected, 5 mm of median nerve was removed and CS/DSP and CS/GPTMS_DSP tubes were sutured bridging the two nerve stumps ( Figure. 1 G,H) that were inserted 2mm inside the conduit. Animals were sacrificed immediately after surgery.
Afterwards, nerve regeneration assays were carried out on 12 adult female Wistar rats, weighing approximately 250 g, with both CS/DSP and CS/GPTMS_DSP membranes, rolled up and glued as described above, used as conduits for median nerve repair. The animals were divided by three experimental groups of 4 animals each. In two groups, the median nerve was transected and repaired with CS/DSP or CS/GPTMS_DSP conduits. Median nerve repaired with nerve autograft was used as control. The surgery procedure was previously described by Tos and collegues [21] . 
Figure. 1. Preliminary in vivo results
-Postoperative assessment of functional recovery
Grasping test sessions were carried out every 3 weeks until week 12. Grasping test was performed following the same procedure previously described [22] using the BS-GRIP Grip Meter (2Biological Instruments, Varese, Italy). The test is carried out by holding the rat by the tail and lowering it towards the device and then, when the animal grips the grid, pulling it upward until it loses its grip. When the median nerve function is impaired, the animal's paw approaches the grid in complete finger extension. The balance records the maximum weight that the animal manages to hold up before losing the grip. Each animal was tested three times and the average value was recorded. Since assessment of animal welfare was one of the main objectives of this study, a careful daily animal surveillance was adopted for passive and active movement, auto-mutilation and joint contracture, especially during early postoperative times.
-Immunohistochemistry and confocal laser microscopy
-Resin embedding and electron microscopy
Specimens were then washed in a solution containing 1.5% saccarose in 0.1 M Sorensen phosphate buffer, post-fixed in 1% osmium tetroxide, dehydrated and embedded in resin. From each nerve, series of semi-thin transverse sections (2,5-μm thickness) were cut starting from the distal stump of each median nerve specimen, using an Ultracut UCT ultramicrotome (Leica Microsystems, Wetzlar, Germany) and stained using Toluidine blue for high resolution light microscopy examination and design-based stereology. For transmission electron microscopy, ultrathin sections (50-90-nm thick) were cut using the same ultramicrotome and stained with saturated aqueous solution of uranyl acetate and lead citrate. Ultra-thin sections were analyzed using a JEM-1010 transmission electron microscope (JEOL, Tokyo, Japan).
-Design-based quantitative morphology of nerve fiber regeneration
In each nerve repaired with autograft or CS/DSP conduit, design-based stereological analysis was carried out using one randomly selected toluidine blue stained semithin section. A DM4000B microscope equipped with a DFC320 digital camera and an IM50 image manager system (Leica Microsystems, Wetzlar, Germany) was used for stereology. The final magnification was 6600X enabling accurate identification and morphometrical analysis of myelinated nerve fibers. One semi-thin section from each nerve was randomly selected and the total cross-sectional area of the nerve was measured. The sample of fibers in each nerve was then randomly selected using a previously described stereological method [23] . Two-dimensional disector probes were also used to select an unbiased representative sample of myelinated nerve fibers. Fiber number was calculated, both fiber and axon 17 area were measured and the circle-fitting diameter of fiber (D) and axon (d) were calculated. These data were used to calculate myelin thickness [(D−d)/2], and the g-ratio (D/d).
Statistics
For in vitro experiments, data were expressed as mean ± SEM. Statistical analysis was carried out using single-factor analysis of variance (ANOVA) post hoc Bonferroni. Values of *p≤0.05, **p≤0.01, ***p≤0.001 were considered as statistically significant. For in vivo experiments data were expressed as mean ± SD Statistical analysis was carried out using Two-Sample t-Test. Values of *p≤0.05, **p≤0.01, ***p≤0.001.
Results
In vitro cell tests on CS based samples
-Cytotoxicity study on CS/GPTMS_DSP and CS/DSP
The effect of the CS based material extracts was studied by RT4-D6P2T proliferation assay counting the number of proliferating cells after 2, 3, 5 and 7 DIV (Figure 2 ). RT4-D6P2T treated with extracts of CS/DSP and CS/GPTMS_DSP showed no cytotoxic effects since no significant differences in cell number were detected between these two culture conditions and the control.
Figure. 2. Evaluation of the effect of dissolution products. Logarithmic scale of RT4-D6P2T cells/mm2 proliferated after 1, 3, 5 and 7 DIV seeded in control, CS/DSP and CS/GPTMS_DSP extract media.
-Cell adhesion on CS/GPTMS_DSP membranes
RT4-D6P2T cells were seeded on CS/GPTMS_DSP and on control glass; immunocytochemistry analysis was performed after 24 hours of culture to qualitatively evaluate cell adhesion and morphology. In order to obtain a more detailed evaluation of cell adhesion, the actin cytoskeleton and focal adhesion complex were stained using TRITC-conjugated phalloidin and antivinculin antibody, respectively. RT4-D6P2T cells interacted and integrated well with CS/GPTMS_DSP substrate.
Differences in morphology and size were observed when RT4-D6P2T cells were cultured on control glass and CS/GPTMS_DSP (Figure 3 ). Cells on control glass displayed a higher size; they were also more spread without particular orientation of the actin cytoskeleton ( Figure 3A and C) . Cells cultured on CS/GPTMS_DSP displayed a more elongated morphology characterized by a typical oval-shaped cell body with long extensions, giving an overall spindle shape that is typical of SCs ( Figure 3B and
The analysis of the morphology of these cells plated on different substrates showed that the 68% of cells plated on control substrates (glass) presented a flattened form, similarly to fibroblasts, and only 32% an elongated shape similarly to SCs. By contrast, 84% of the cells cultured on CS/GPTMS_DSP that presented the SC-like elongated shape.
Vinculin immunostaining was performed to visualize the exact location of focal adhesion sites.
Vinculin-positive sites were observed on cells seeded both on control and CS/GPTMS_DSP, but with different distribution. CS/GPTMS_DSP membranes presented cells with a higher accumulation of vinculin around the nucleus ( Figure 3F ) while protein accumulation at the edges of cells was mainly showed in control ( Figure 3E ).
-Proliferation assay on CS/GPTMS_DSP membranes
Proliferation assay was performed on CS/GPTMS_DSP samples ( Figure 3G ). RT4-D6P2T cells were cultured on both CS/GPTMS_DSP and glass plates (control). The number of proliferating cells was then counted after 1, 3 and 4 DIV.
RT4-D6P2T cells seeded on CS/GPTMS_DSP showed lower proliferation rate and significant differences in cells numbers were detected in this culture conditions after 3 DIV (**p<0.01) and 4 DIV (***p<0.001), in comparison to positive control. Yet, it was possible to observe a constant increase of cell number on CS/GPTMS_DSP samples at each time point.
-Gene and protein expression of RT4-D6P2T cultured on CS/GPTMS_DSP samples.
Bax, Bcl2, mTOR and SOD mRNA expression changes were evaluated to study proapoptotic and cell survival signaling after 3 and 6 days of culture of RT4-D6P2T cells on CS/GPTMS_DSP samples.
The relative values of BAX, mTOR and SOD mRNA expression were not significantly different when comparing CS/GPTMS_DSP with control conditions, both after 3 and 6 days of culture. (Data notshown). By contrast, significant difference in the Bcl2 mRNA expression was shown in after 3 days of C A 20 culture (*p<0.05) compared to the control, although this difference was no more observed after 6 days ( Figure 3H ).
The same pattern of expression was detected at the protein level; the decreased protein expression of Bcl2, after three days of culture of the RT4-D6P2T cells on chitosan membranes, undergoes a clear increase after six days of culture, although still lower than control values. (Figure 3I ). (Figure 4) .
Figure. 3. Cell adhesion assessment. Confocal fluorescence microscopy images of RT4-D6P2T cells cultured on control glass (A, C, E) and CS/GPTMS_DSP (B, D, F) after 24 hours of culture. Phalloidin (A, B, C, D) and anti-vinculin (E, F) staining. Scale bar 20 μm. Cell proliferation assay. RT4-D6P2T proliferation ratio after 1, 3 and 4 DIV on glass plates (control) and on CS/GPTMS_DSP membranes. RT4-D6P2T significant differences between CS/GPTMS_DSP substrates and control samples were observed (**p<0.01; ***p<0.001) (G). Gene and protein expression analysis. RT PCR expression profiles of Bcl2 messengers in RT4-D6P2T seeded respectively on control plates, and CS/GPTMS_DSP membranes after 3 and 6 days of culture (H). Significative difference between the biomaterial and control was observed for Bcl2 after 3 days of culture (*p<0.05). Western blot analysis for Bcl-2 protein expression of RT4-D6P2T cells cultured on glass plates and on CS/GPTMS_DSP membranes for 3 and 6 days. Anti-β-actin antibodies was used as control (I).
-Neurite outgrowth assay on CS/GPTMS_DSP
DRG explants were harvested from adult female Wistar rats and cultured for 4 days on matrigel-coated coverslips and CS/GPTMS_DSP flat membranes. The cultures were fixed and immunostained for NF200kDa (green) and peripherin (red) and then analyzed by laser confocal microscopy. A double labeling immunofluorescence revealed that both neuronal intermediate filament proteins were expressed by DRG neurons
Figure 4. Ex-vivo axonal regrowth evaluation. Representative immunostaining images of axonal outgrowth at 4 days after DRG explants culture on matrigel-coated coverslips (A, C) and CS/GPTMS_DSP flat membranes (B, D) using anti-NF-200kDa antibody (green) and anti-peripherin (red). Scale bar 100 μm.
In vivo preliminary analysis
In order to evaluate maneuverability for peripheral nerve surgery, flat membranes of CS/DSP and CS/GPTMS_DSP were tested in vivo in adult female Wistar rats.
Both membranes have to be immersed in PBS before use in order to make them softer. Surgeons can adapt size and shape of membranes depending on the size of the nerve and the lesion type and extent.
They can be used to protect an injured nerve from adhesions ( Figure 1B) or as conduit to bridge a nerve defect ( Figure 1H ). Both membranes resulted to have a good maneuverability after the PBS immersion 22 and they are easy to be cut with a scalpel, in order to give them the appropriate size, and they are easily rolled up and glued. CS/GPTMS_DSP resulted to be much more fragile.
In vivo tests with CS/GPTMS_DSP and CS/DSP conduits
-Postoperative assessment of functional recovery
The function of finger flexor muscles innervated by the median nerve started to recover faster for autografts reaching a performance statistically different from CS/DSP at week-6 after lesion (*p<0.05).
Functional recovery for CS/DSP started at week-6 and progressively increased. At week-9 and 12, no more significant differences were detectable between autograft and CS/DSP treatment. 
-Immunohistochemistry and confocal laser microscopy
Axonal regeneration was analysed by confocal laser microscopy on longitudinal nerve frozen sections after neurofilaments staining (Figure 6 ). After 12-week post-injury, the middle segments of both CS/GPTMS_DSP and CS/DSP conduit displayed NF positive staining for axons, with a disordered and irregular orientation in the CS/GPTMS_DSP conduit ( Figure 6A ) and linearly oriented in CS/DSP conduit ( Figure 6B ). Figure 7 shows high-resolution light and transmission electron microscope images of the distal rat median nerves injured, repaired with autograft or CS/DSP conduits and harvested at 12 weeks postoperative. Distal median nerves treated with CS/GPTMS_DSP were not harvested because conduits were found to be detached from the distal suturing site. Small myelinated axons and microfasciculation typical of regenerated nerve fibers were detected both on nerves repaired with autograft ( Figure 7 A,C,E,G) and with CS/DSP conduit ( Figure 7B,D,F,H ) .
Figure 6. In vivo axonal regrowth evaluation. Neurofilament staining on longitudinal sections at 12 weeks revealed that CS/DSP and CS/GPTMS_DSP were densely populated with axons. CS/GPTMS_DSP displayed axons that were haphazardly oriented and disordered (A), while properly linearly aligned NF axons were found in CS/DSP (B). Scale bar 100 μm.
-Light and transmission electron microscope analysis
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Moreover, transmission electron microscopy detected many small nerve fibers in early stages of myelinization ( Figure 7E,F) as well as unmyelinated fibers ( Figure 7G,H) , in median nerves repaired both with CS/DSP conduit and with autograft. 
-Design-based quantitative morphology of nerve fiber regeneration
12-week post injury, design-based stereological analysis of regenerated median nerves repaired with CS/DSP tubes or autograft showed comparable results in terms of total number of myelinated fibers (autograft = 6916±1633; CS/DSP = 7249±113). Axon and fibers diameters and G-ratio was significantly lower (*p<0.05) in median nerves repaired with CS/DSP tubes when compared to autografts, while myelin thickness showed comparable results (Figure 8 ). 
Discussion
Applications of CS in tissue engineering is a very actual and evolving topic [10, 24] . This biomaterial is attractive not only for the high biocompatibility and biodegradability, but also for the antibacterial properties and the absence of immune responses.
However, physical and mechanical limitations of CS when it is associated with aqueous solutions have to be carefully considered in order to apply it properly for regenerative purposes.
In this manuscript, CS was treated with crosslinking agents able to act on its chemical-physical and mechanical properties, namely γ-glycidoxypropyltrimethoxysilane (GPTMS), dibasic sodium phosphate (DSP) and a combination of GPTMS and DSP (GPTMS_DSP), as previously described by Ruini and colleagues [20] .
The presence of GPTMS showed that silicon agent was homogenously distributed in the developed membranes and increased the water stability and the stiffness of CS/GPTMS_DSP membranes compared to CS/DSP samples.
Both CS/GPTMS_DSP and CS/DSP flat membranes were studied in vitro and in vivo for the implementation of CS-based nerve scaffolds.
First of all, the products of degradation of the CS membranes, both CS/DSP and CS/GPTMS_DSP, showed no negative effects on glial cell survival and proliferation.
Yet, proliferation analysis of glial cells seeded on CS/GPTMS_DSP membranes led to confirm that CS is capable to support glial cell proliferation [25] although delayed in comparison to positive control. This is attributable to the need for an initial adjustment to the new substrate. The need of adaptation of the cells to the substrate was demonstrated also by gene expression analysis of the anti-apoptotic gene Bcl2 that is significantly lower in cells grown for 3 days on CS/GPTMS_DSP, while the difference was no more detectable after 6 days.
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The analysis of cell adhesion to the CS/GPTMS_DSP membrane showed that glial cells displayed a different morphology and actin and vinculin distribution, supporting the view that these cells have a higher migration capacity on the biomaterial, a key requirement for the early stages of nerve regeneration [26] . The actin cytoskeleton is a highly dynamic network composed of actin polymers and a large variety of associated proteins. The function of the actin cytoskeleton is to mediate a variety of essential biological functions, including intracellular and extracellular movement and structural support. The orientation and distribution of actin filaments within a cell is, therefore, an important determinant of cellular shape, adhesion and motility [27] .
The assessment of the interaction of neurons with the material represents a key preliminary step to evaluate, in vitro, the potential for neural regeneration. Explants of rat dorsal root ganglia (DRGs) are a valuable ex vivo model to observe the neuritic adaptation to different substrates [28] . In our research, adults DRGs were cultured on CS/GPTMS_DSP membranes and on glass, as control. After four days, a high neurite outgrowth, expressing protein markers of both young and mature axons, was appreciated on both substrates. Although quantitative analysis was not carried out, careful observation led to detect a greater sprouting and neurite extension on the CS substrate in comparison to control.
In preparation of in vivo experiments, a series of preliminary tests allowed us to evaluate the maneuverability of CS membranes. It was possible to establish the easy handling and the possibility to build, at the time of the surgery, a tube of specific size and shape depending on the extent of nerve damage, although it was evident that the CS/GPTMS_DSP is much more fragile in comparison with CS/DSP. Both CS/DSP and CS/GPTMS_DSP conduits were used for bridging across 10-mm long rat median nerve defects, and the outcome at 12 weeks post-implantation was evaluated by functional, immunohistochemical and histological investigation. We observed that CS/GPTMS_DSP tubes were detached from the distal suturing site, due its excessive fragility, and thus no functional recovery 28 occurred. This result was confirmed by confocal laser microscopy which displayed very poor axonal regeneration with an irregular orientation inside CS/GPTMS_DSP conduits.
By contrast, CS/DSP conduit allowed functional recovery that started at week-6 and progressively increased reaching values similar to autografts already at week-9. The delayed functional recovery is justified by the different repair technique and is in line with the results obtained using other types of conduits [29] .
Interestingly, morphological analysis showed microfasciculation typical of regenerated nerve fibers with small nerve fibers at different myelinization stages and unmyelinated fibers, though morphometrical analysis revealed that CS/DSP have, on average, smaller fibers than autograft.
Conclusion
In this work, we have selected a biomaterial, namely chitosan, because of its excellent biocompatibility, biodegradability, readily availability and antibacterial activity. Crosslinking process has provided chitosan with adequate mechanical properties for successful application in the field of peripheral nerve regeneration.
Our experiments showed that CS/DSP scaffolds promote peripheral nerve regeneration with an outcome close to that reached by nerve autografts which are generally considered as the gold standard for treating severe nerve defects. These newly developed nerve guides should thus be regarded as promising alternatives to traditional nerve autografts.
However, it could be foreseen that enrichment of chitosan scaffolds with filling materials conjugated with growth factors [30] might be able to further increase the effectiveness of the medical device. Yet, creation of a 3D inner structure, which simulate extracellular matrix, might also provide a further support to axons and glial cells [31, 32, 33] . Therefore, although the device that we propose is simple 29 and easy to apply during surgery, future experiments should clarify whether the functionalization of the crosslinked chitosan tubes can further increase the regenerative potential of the device.
